Spinocerebellar ataxias (SCAs) are a genetically heterogeneous group of cerebellar degenerative disorders, characterized by progressive gait unsteadiness, hand incoordination, and dysarthria.
Also, it was showed that the overexpression of the normal form of ataxin-1, produces similar toxic effects (Fernandez-Funez et al., 2000) , suggesting that an activity of ATXN1 in excess is sufficient to cause neuronal dysfunction.
Although genetic analyses, epidemiological data, neuropathological investigations are providing important new insights into the etiology of spinocerebellar ataxias (SCAs), the pathological mechanism of these diseases is still poorly understood (Duenas, Goold, & Giunti, 2006) , and the toxic mechanisms by which the ataxin-1 protein induces neuronal Purkinje cells (PCs) death has been investigated. Different mouse models have been generated to study the cerebellar degeneration associated with SCA1 (Burright et al., 1995; Watase et al., 2002) .
The transgenic animal model, generated by Burright et al. (1995) at the University of Minnesota, expresses the full length human SCA1 cDNA with 82 CAG repeats controlled by a specific Purkinje cell protein-2 (Pcp2) promoter (Oberdick, Smeyne, Mann, Zackson, & Morgan, 1990; Vandaele et al., 1991 ).
This mouse model develops a progressive motor disorder starting in the early stages of life (around 5 weeks of age), before the appearance of any alteration of cerebellar morphology. Pathological abnormalities of PC, in the form of a shrunken dendritic tree and migration of the cell body into the molecular layer, become clearly visible by 12 weeks of age, along with an initial decline in PC number. A significant PC loss (approximately a third) occurs by 24 weeks of age. Interestingly, some authors suggested that neuronal dysfunction rather than neuronal loss is central to the disease process (Clark et al., 1997) .
Mitochondrial dysfunction and oxidative damage are prominent features of various neurodegenerative diseases such as Amyotrophic Lateral Sclerosis, Spinal Muscular Atrophy, Alzheimer Disease, Parkinson's disease, Huntington Disease, hereditary spastic paraplegia, Friedreich's ataxia, and Charcot-Marie-Tooth disease (Allen, Duffy, Shaw, & Grierson, 2015; DiMauro & Schon, 2008; Ripolone et al., 2015) .
Neurons are particularly sensitive to changes in mitochondrial function as they are extremely energy-dependent (Gironi et al., 2004; Kann & Kov acs, 2007) . Being the apoptotic pathways related to mitochondrial dysfunction (Clark et al., 1997; Duenas et al., 2006) , some evidences have shown that in some forms of cell damage occurring in polyglutaminediseases the observed phenotype may be related to apoptotic cell death. Herein, searching for the possible explanation of cerebellar dysfunction, we tried to gain insight into the pathogenesis of this disease studying the mitochondrial oxidative metabolism in vivo in the cerebellum of transgenic SCA1 mice. In this view, considering the onset of the clinical symptoms, we decided to study mice at 2 months of age, soon after the beginning of symptoms, and then at the age of 6 months when both clinical symptoms and cerebellar alteration are clearly manifest.
We compared the histopathological changes, the presence of apoptosis, and the mitochondrial oxidative enzymatic activity in these mice. Also, using a laser-microdissector, we evaluated the mitochondrial DNA (mtDNA) content on selectively isolated COX-competent and COX-deficient PC by quantitative Polymerase Chain Reaction (PCR).
| M A TER I A LS A N D M ETH OD S

| Animals
All experiments in this study were performed on SCA1 transgenic mice and control mice generated by Dr. H. Orr at the University of Minnesota (Burright et al., 1995) and kindly supplied by Dr. Pandolfo, Universit e Libre de Bruxelles, Bruxelles (Belgium). A colony of heterozygous and homozygous SCA1 B05 82Q mice was kept in our animal facility, animals being maintained at 228C 6 18C on a 12 hr light/12 hr dark schedule, with free access to food and water.
All protocols for animal care, handling, and euthanasia were performed in accordance with the guidelines for the care and use of Laboratory Animals promulgated by the Italian Minister of Health, DL 27 January 1992, No. 116 and the EU directive 86/609/CEE.
Mice were sacrificed with cervical dislocation, through occipital access brain was taken up to brainstem. It was frozen with quick immersion in liquid nitrogen-cooled isopentane and then in liquid nitrogen. Frozen tissues were mounted on the ventral side and cut in cross sections. Thirty-six mice (twenty males and sixteen females) were sacrificed and studied, namely six heterozygous and six homozygous SCA1 transgenic 2-month old mice, six heterozygous and six homozygous SCA1 transgenic 6-month old mice, and twelve control mice (six 2 months old, six 6 months old).
| Histopathological and biochemical analysis
Histological staining and histochemical reactions both for detection of morphological CNS alterations and mitochondrial enzymatic defects were performed on 8-lm thick transverse cryostat sections from mouse whole brains prepared as described (Ripolone et al., 2015; Sciacco & Bonilla, 1996) .
Morphological evidence for apoptosis was tested using terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL). The TUNEL method was set up following the manufacturer's instructions (In Situ Cell Death Detection Kit, Roche, Mannheim, Germany) and according to our previous studies (Sciacco et al., 2001 ).
Significance
This work uses an animal model to try to understand the pathogenesis of a progressive human disease (spinocerebellar ataxia type 1, SCA1) characterized by progressive gait unsteadiness, hand incoordination, and dysarthria and transmitted as an autosomal dominant disorder. In particular, we focused our studies on the progressive dysfunction of Purkinje cells (PCs) and we hypothesize that a mitochondrial oxidative defect represents an early pathogenetic step of the degeneration process. Understanding the pathogenesis is extremely important because it can help the development of therapeutic strategies aiming at preserving PCs, delaying disease onset, and slowing its progression. Biochemical analyses were performed on the 750g supernatants obtained from brains and cerebellum homogenates. Enzyme activities of respiratory chain complexes I, II, III, IV (cytochrome-coxidase, COX) and of citrate synthase (CS) were measured spectrophotometrically and the specific activities of each complex were normalized to CS, an indicator of the number of mitochondria (Bresolin et al., 1987) .
| Electron microscopy
For ultrastructural examination, a small part of cerebellum samples was fixed in 2.5% glutaraldehyde (pH 7.4), postfixed in 2% osmium tetroxide and then, after dehydration in a graded series of ethanol, embedded in Spurr's resin. Finally, ultrathin sections were stained with lead citrate and uranyl acetate and examinated with Zeiss EM109 transmission electron microscope (Ripolone et al., 2015) .
For immunoultrastructural evidence of COX enzymatic activity, small samples of cerebellum from 2-and 6-month old mice were incubated in 0.1M phosphate buffer, pH 7.4, 5 mM 3,3 0 -Diaminobenzidine tetrahydrochloride, 0.25M cytochrome c, 0.2M sucrose, for 1 hr at 378C. After two washes in 0.1M phosphate buffer, pH 7.4, samples were fixed in 2.5% glutaraldehyde (pH 7.4) and processed according to the standard protocol, ultrathin sections were not stained with lead citrate and uranyl acetate before the examination (Bonilla, Schotland, DiMauro, & Aldover, 1975) .
| Quantitative analysis of COX deficit in PCs
Morphometric evaluation of COX-deficient and COX-competent PC was made on 12-lm-thick transverse cerebellar sections. Each section was entirely acquired at 100X with a Leica microscope equipped with a video-camera (Leica DCF 320) by using dedicated imaging software.
Pictures were analyzed using the image analyzer software IM50 (Leica Image Manager IM50). Three different blinded operators counted COX-deficient and COX-positive PC in each picture following the protocol by Peverelli et al. (2015) . We analyzed five non-transgenic (non-TG) samples, five heterozygous 2-and 6-month old mice (totally 10 samples) and five homozygous 2-and 6-month old mice (totally 10 samples).
| Laser-capture microdissection and mtDNA analysis
Frozen cryostat sections (16 lm) were collected on 2-mm thick pen membrane slides, stained for COX activity detection, and air-dried. Individual COX-competent and -deficient PC were microdissected by using a Leica
Laser Microdissection System (Leica AS-LMD) (Edwards, 2007) .
PC from four 6-month old SCA1 homozygous and three control mice were dissected from each section and collected in groups of 300 cells per type into single test tubes. We also collected granular cells (GCs) from all dissected mice as internal control for both oxidative damage and mtDNA content.
DNA was extracted by laser-microdissected cells using the QIAamp DNA Micro Kit (QIAGEN, Italia, Milan, Italy).
Mouse mtDNA was quantified by Real time PCR using an ABI 7500 detection system as previously described (Spinazzola et al., 2006) . The primers and probe for murine mt-Co1, mt-Co3, mt-Nd4 genes (mtDNA), and for Tfrc and 18S ribosomal RNA gene (nDNA)
were used for that purpose and are available upon request. All the determinations were carried out in triplicate using 5 ll of cell lysates as a template. Nuclear-DNA normalized mtDNA levels were expressed in terms of relative quantification (RQ) values considering as reference (RQ 5 1) the amount of mtDNA detected in PC from a control mouse using the Double Delta Cycle Threshold (Ct) Value (DDCt) method.
Briefly, mtDNA levels are obtained by applying this formula: 2 2
Analysis of mtDNA point mutation is described in Supporting Information.
| Statistical analyses
Data for all parameters measured were expressed as group means 6 standard deviation. There was no evidence for significant deviations from normal distribution (p > .05, Shapiro-Wilk test). Group data were analyzed using one-way analysis of variance (ANOVA) followed by post hoc Tukey tests for multiple comparisons. Comparisons of mtDNA levels in GCs, brain, and cerebellum tissues between SCA1 and control mice were made using an unpaired t test (with Bonferroni correction for multiple comparisons, as appropriate). The level of significance was set at p < .05. Statistical analyses were conducted using Prism 5.0 (GraphPad Sofware, Inc.) and STATA version 13.0 (StataCorp, College Station, TX).
| RE S U L TS
3.1 | PC mitochondrial oxidative defect in SCA1 mice, histochemical and ultrastructural examination
To investigate the mitochondrial defect in SCA1 mice, we investigated histological examination and histochemical reactions for COX on serial cryostat sections on both homozygous and heterozygous 2 and 6 months old mice, and compared with those from control animals (Figure 1a-h ).
General morphological analyses were in line with previous data (Burright et al., 1995; Clark et al., 1997) indeed SCA1 transgenic mice present clinical features of cerebellar dysfunction.
In detail, we observed a mild loss of the PC population in the cerebellar cortex of both heterozygous and homozygous 2 months old mice. The loss of PC became more evident in both heterozygous and homozygous 6 months old mice, in which we observed some PC in heterotopic positions within the molecular layer and, occasionally, in the granular layer.
To evaluate the potential role of apoptosis in the degeneration of PCs, we performed Tunel experiments, but we found apoptosis in very few PC in both heterozygous and homozygous 2 and 6 months old mice. We therefore conclude that apoptosis does not seem to be involved in PC degeneration (Supporting Information Figure 1 ).
The histochemical examination showed similar amounts of COXdeficient PC in both heterozygous and homozygous mice, although, the oxidative defect was more pronounced in older (6 months old) mice (Figure 1 ).
To precisely assess the morphologically observed oxidative defect, we performed a quantitative analysis of the COX-deficient and COX-competent PC number. In addition to correctly recognize COX deficiency in PC, we performed co-immunohistochemistry of the respiratory chain Complex IV (subunit I) and calbindin, a marker of Purkinje neurons, by using appropriate antibodies (Figure 1i-l) .
We found that the percentage of COX-deficient PC over the total number of PC was significantly different across experimental conditions (F 4,20 5 65.45, p < .001). In particular, it was substantially increased in both homozygous and heterozygous animals aged 2 and 6 months compared with controls (12%, p < .001). Furthermore, a higher number of COX-deficient PC was observed in 6-month old mice compared with younger ones (30%, p < .001) (Supporting Information Figure 2 ). 
| 1579
Finally, ultrastructural immunostaining for COX activity confirmed that the lack of enzymatic activity was confined to PC as shown in Figure 2. Indeed, many mitochondria membranes were not electron dense in SCA1 mice, while they are clearly electron dense in both controls and in granular cerebellar cells from SCA mice (Figure 2 ).
Taken together, our experimental evidences show a selective COX deficiency in a significant amount of PC from genetically affected mice.
| Biochemical analysis
Enzymatic assay of respiratory chain activities was performed on cerebellar tissue of five heterozygous and five homozygous SCA1 transgenic mice aged 6 months and in five controls. The values are presented in Table 1 . The activities of cII 1 III and cIV complexes, as well as the activity of CS, in both groups of SCA1 transgenic mice differed significantly from controls (Table 1) .
There was a significant increase in cII/CS activity in heterozygous animals compared with controls. cII/CS activity was also increased in homozygous mice but not significantly. A trend toward a higher cI 1 III activity in transgenic mice was observed. No significant differences were found between SCA1 heterozygous and homozygous mice (Table 1) .
3.3 | mtDNA molecular analysis in SCA1 mice cerebellum 3.3.1 | mtDNA point mutation analysis Table 1 ). mtDNA content was not always homogenous in the analyzed mice. Nevertheless, the ratio of mtDNA levels of isolated COX-deficient and COX-positive PC showed a strong mtDNA depletion ranging from 54 to 89% in all the mutant mice. Notably, these findings were limited to PC, as we detected no difference in mtDNA content of GCs isolated from SCA1 and control mice (p > .05). We also quantified mtDNA in whole brain and cerebellum tissues. Levels of brain-derived mtDNA were not significantly different between SCA1 and control mice (p > .05). Conversely, mtDNA levels were significantly reduced in cerebella of SCA1 mice (Supporting Information Figure 3 ). We suggest that the observed low mtDNA content in PC of SCA1 mice is not a result of the reduction of the amount of mitochondria, indeed immunofluorescence analysis of the outer mitochondrial membrane protein TOMM20, a marker of mitochondrial content, has a similar pattern of intensity in SCA1 and in control mice (Supporting Information Figure 4C ,D).
Also, standard electron microscopy examination confirmed the presence of a normal amount of normally shaped and distributed PC mitochondria in the cerebellum of both transgenic and control mice (Supporting Information Figure 4A ,B). In SCA1 transgenic mice, the overexpression of mutant ataxin-1 results in a progressive ataxia and PC pathology is very similar to those seen in SCA1 patients (Burright et al., 1995) .
| D I SCUSSION
Interestingly, the pathology develops as a result of an early neuronal dysfunction and atrophy, without neuronal loss (Clark et al., 1997) , making the model helpful to define the causes of PC dysfunction and to study the disease pathogenesis.
Our main objective was to investigate the mitochondrial oxidative activity in cerebellar cells of transgenic SCA1 mice trying to correlate the dysfunction with the earliest histopathological changes and possible mtDNA defects.
In this regard, we studied both heterozygous and homozygous SCA1 transgenic mice, aged 2 and 6 months, by histological and histochemical techniques.
Our results showed a selective COX deficiency in several PC from pathologic mice, COX activity being normal in all other cerebellar cells and in control mice.
In particular, we detected similar amounts of COX-deficient PC in both heterozygous and homozygous affected mice, the defect being mitochondrial dysfunction at histochemical and molecular level (Maltecca et al., 2009; Stucki et al., 2016) .
We also investigated the apoptotic phenomenon in PC degeneration, indeed, as apoptosis is involved in response regulation to cellular damage, it has been hypothesized that polyglutamine proteins activate the apoptotic machinery and that the cell loss is a central component of the disease (Paulson, Bonini, & Roth, 2000) . The apoptotic pathway had already been studied in SCA1 transgenic mice aged 15 and 20 weeks, and the authors had not found a significant number of TUNEL-positive PC (Shahbazian, Orr, & Zoghbi, 2001 ). In agreement with these results, we only found few apoptotic nuclei in cerebellum cells which prevented us from performing a quantitative analysis (Supporting Information Figure 1 ).
The determination of COX activity by biochemical assay on homogenates of the whole cerebellum did not reveal any defect in the late disease stage, at 6 months of age. This result is largely explained by the different nature of the methods used to evaluate COX activity.
The histochemistry allows to detect specific cell defects (affecting in this case a subset of PC only), whereas the biochemical assay pools in and COX-competent PC isolated from spinocerebellar ataxia type 1 (SCA1) mice (n 5 4) and control mice (n 5 3). Cells were microdissected using a Leica Laser Microdissection System (Leica AS-LMD) from frozen cryostat sections (16 lm) and collected in groups of 300 cells per type into single test tubes. Nuclear-DNA normalized mtDNA levels were expressed in terms of relative quantification (RQ) values considering as reference (RQ 5 1) the amount of mtDNA detected in PC from controls. The primers and probe for murine mt-Co1, mt-Co3, mt-Nd4 genes (mtDNA) and for Tfrc and 18S ribosomal RNA gene (nDNA) were used. The red horizontal line represents the mean and the error bars represent the standard deviation. Significant differences are indicated. *p < .05; **p < .01; ***p < .001 (See Supporting Information Table 1 for details) activity was also preserved at an earlier time point (2 months age).
However, in younger transgenic mice, we were able to detect a mild reduction cII 1 III activity as previously observed in presymptomatic SCA1-mice (S anchez, Balagu e, & Matilla-Dueñas, 2016).
To search for an explanation of the observed selective oxidative defect, we studied the mtDNA content in both COX-deficient and COX-competent PC from 6 months old homozygous and control mice and in GC derived from SCA1 mice. To this purpose, we isolated and collected single, histochemically identified COX-positive/competent and COX-deficient PC, using a laser microdissector. After excluding an increased rate of point mutations in mtDNA, we observed a global reduction of mtDNA content in PC lacking COX activity while COXcompetent PC and GC were spared. We suggest that the observed low mtDNA content in PC of SCA1 mice is not a result of the reduction of however, were performed on 5 weeks old mice, that is, in a very early disease stage, and this may account for the divergence from our results.
The selective loss of specific neuronal subtypes is a central issue in neurodegenerative disorders.
As PC dendrites branch more extensively than those of any other neuron in the brain, they are probably more sensitive to reduced mitochondrial function. Gene expression analysis of mouse brain regions showed high expression levels of genes involved in mitochondrial ATP production (particularly those encoding COX subunits) in developing cerebellum, when the majority of granule cells are engaged in axon extension and synapse formation, and at a later stage (week 6) when cerebellum has reached maturity (Matoba et al., 2000) . More recently Hosp et al. (2015) investigated the repertoire of proteins sequestered by mutant ataxin-1 in the SCA1-82Q mouse model while the proteome of PC cells in the Sca1(154Q/2Q) mice at a symptomatic stage was assessed by mass spectrometry (Stucki et al., 2016) . Although no obvious factor involved in mtDNA maintenance were detected in these datasets, prominent alterations in mitochondrial proteins were found.
Interestingly, mitochondrial morphology, found altered in affected PC cells, relies upon a set of proteins, which are also involved in mtDNA homeostasis (i.e., MFN2, OPA1, CHCHD10). It is noteworthy that mutations in these proteins are also associated with neurodegenerative disorders in human and models. For example, mitochondrial dysfunction has been previously reported in mouse PC lacking Mitofusin-2 (Mfn2), a factor involved in mitochondrial fusion pathway whose impairment is associated in humans with an autosomal dominant form of Charcot-Marie-Tooth disease (CMT2A) (Chen & Chan, 2009 ). The authors documented the loss of mtDNA nucleoids in fusion-deficient cells as the likely basis of reduced respiratory chain function. Interestingly, loss of activity in electron transport chain complexes I and IV seems to precede neuronal death.
Finally, Ito et al. (2015) demonstrated that the impairment of mtDNA quality control due to loss of high-mobility group box 1 (HMGB1) protein is associated with the exacerbation of symptoms in the Atxn1-154Q knock-in mice.
Although inherited ataxias are extremely heterogeneous, caused by a variety of genes and gene mutations, and characterized by different pathogenic mechanisms, oxidative stress seems to be a relevant factor in the pathogenesis of SCA1 disease. Notably, mitochondrial dysfunction likely contributes to the development of several other neurodegenerative disorders, such as Huntington's disease and amyotrophic lateral sclerosis (DiMauro, Hirano, & Schon, 2006 ). In addition, previous studies showed that other triplet-expanded proteins might impair mitochondrial biogenesis leading to neurodegeneration (Cui et al., 2006) .
Our data suggest that the mtDNA-dependent COX defect in PC from SCA1 mice is rather specific. Since we found no differences in the density, distribution, and morphology of the mitochondrial network at PC level, we hypothesize the existence of factor(s) involved only in mtDNA homeostasis whose expression or activity is impaired by mutant ataxin in PC.
A wide variety of therapies for SCA1 is being investigated to preserve PCs and therefore delay disease onset and slow its progression. 
